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i r AVAILABLE COPY 

LASER PROJECTION DISPLAY SYSTEM 



FIELD OF THE INVENTION 
The invention relates to projection display apparatus employing a 
5 laser as a light source. More particularly, the invention relates to laser projection 
display apparatus having means for reducing the appearance of coherence-induced 
artifacts and speckle in the display. 

BACKGROUND OF THE INVENTION 
Projection display systems for the display of video images are well- 
1 0 known in the prior art These systems can take the form of a white light source, 
most notably a xenon arc lamp, illuminating one or more light valves or spatial 
light modulators with appropriate color filtering to forni the desired image, the 
image being projected onto a viewing screen. 

Lasers have been known to be attractive alternative light sources to 
1 5 arc lamps for projection displays. One potential advantage is a wider color gamut 
featuring very saturated colors. Laser illumination ofFcrs the potential for simple, 
low-cost efficient optical systems, providing improved efficiency and higher 
contrast when paired with some spatial light modulators. One disadvantage of 
lasers for projection display has been the historical lack of a cost-effective laser 
20 source with sufficient power at visible wavelengths. However such lasers (alheit, 
still high cost) are now produced hy JenOptik and Ltunera Laser, GmbH, and are 
mode-locked, diode-pumped, solid-state lasers, each with a nonlinear-optical 
system featuring an optical parametric oscillator (OPO) to simultaneously 
generate red, green, and blue light This system has been disclosed by 
25 Wallenstein in US Patents 5,828,424, issued October 27, 1998, and 6,233,025 

issued May 15, 2001; and by Nebel in US Patent 6,233,089, issued May 15, 2001. 
Another example disclosed by Moulton in US Patent 5,740,190, issued April 14, 
1998 is developed by Q-Peak and is a Q-switchcd DPSS laser with an OPO 
system lo simultaneously generate red, green, and blue light. 
30 Spatial light modulators provide another component that enables 

laser display systems. Examples of two-dimensional spatial light modnlators are 
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reflective liquid crystal modulators such as the Hquid-crystal-on-silicon (LCOS) 
modulators available from JVC, Three-Five, Aurora, and Philips, and micromirrcr 
arrays such as the Digital Light Processing (DLP) chips available from Texas 
Instruments. Advantages of two-dimensional modulators over one-dimensional 
5 array modulators and raster-scanned systems are the absence of scanning required, 
absence of streak artifacts due to non -uniformities in the modulator array, and 
immunity to laser noise at frequencies much greater than the frame refresh rate (> 
120 Hr). A Further advantage of two-dimensional spetial light modulators is the 
wide tolerance for reduction of the spatial coherence of the illuminating beam. On 

10 the other hand, some valuable modulator technologies can be readily fabricated as 
high fill factor one dimensional devices, although the two dimensional 
constructions are more limited. Examples of one-dimensional or linear spatial 
lighi modulators include the Grating Light Valve (GLV) produced by Silicon 
Light Machines and described in US Patent 5,3 11,360 issued May 10, 1994 to 

1 5 Bloom et al.; the conformal grating modulator, described in US Patent 6,307,663 
issued October 23, 2001 to Kowarz; and the electro-optic reflective grating 
modulator described in US Patent 6,084,626 issued July 4, 2000 to Ramanujan et 
al. 

Although high power visible lasers offer new opportunities for die 
20 design of projection systems, including the possibilities of expanded color gamut 
and simplified optical designs, laser light is in other ways not optimum for use in 
image projection systems with spatial light modulators. In particular, lasers are 
very bright sources, which emit generally coherent light within a very small 
optical volume (etendue or lagrange). Etendue is the product of the focal spot 
25 area and the solid angle of the beam at the focus. Lagrange is the product of the 
focal spot radius and the numerical aperture. For example, a single mode green 
wavelength laser with a diffraction-limited beam has a lagrange of about 0.3 urn, 
which is about 1 5,000 times smaller than the lagrange for a conventional white 
light lamp source, such as an arc lamp. With such a small lagrange, lasers can be 
30 used very effectively in raster scanning systems, including those for flying spot 
printers and laser light shows, where a tightly controlled beam is desirable. 
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On the other hand, in an image projection system, in which an 
image-bearing medium such as a film or a spatial light modulator is imaged to a 
screen or a target plane, the high coherence and small lagrange of the laser is 
ultimately undesirable. In such an imaging system, the lagrange is determined by 
5 the linear size of the projected area (size of the spatial tight modulator) multiplied 
by the numerical aperture of the collection lens. The related quantity, etendue, is 
calculated similarly. £n many white light projection systems, the projection lens is 
quite fast (f/3 for example) to collect as much light as possible. Even so, the 
typical white light lamp source overfills both the light valve and the projection 

1 Q lens, and signi Meant light is last For example, in a representative system using a 
common 0.9" diagonal Kght vaiyc and an f/3 projection lens, the optimum light 
source would have approximately aZO-mm lagrange to provide proper filling 
without overfill. However, a standard white light lamp, with a typical lagrange of 
2-10 mm, is not sufficiently bright and will generally overfill this representative 

15 system. 

In the case of a laser display system using image area projection (as 
opposed to raster scanning), the opposite problem arises, the lasers being too 
bright. Furthermore, it is not desirable to illuminate the spatial light modulator 
wich a coherent source, because of the potential for interference effects, such as 

20 fringes, which may overlay the displayed image. Diffraction artifacts can arise 
from illuminating the grid electrode pattern of a liquid crystal panel, an X-cube 
with a center discontinuity, or any dust or imperfections on the opdcal elements 
with a highly coherent beam of light Therefore, a reduction of the source 
brightness (or an increase in the source lagrange) is a necessity for such laser 

25 proj ectton systems . 

A defined reduction of the source brightness can also provide an 
important opportunity. The projection display optical system can be designed to 
optimize and balance the system requirements for resolution, system light 
efficiency, and system simplicity. By defining the system f-number on the basis 

30 of a criterion other than system light efficiency, the specifications on other system 
components such as the projection lens, color filters, and polarization optics can 
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be eased, dramatically reducing system costs compared to some lamp-based 
projection systems. 

While laser sources can be optimized for use in projection display 
illumination and imaging systems, there is the consequent major disadvantage of 
5 speckle to be dealt with. Spccldc arises due to the high degree of coherence (both 
spatial and temporal) inherent in most laser sources. Speckle produces a noise 
component in the image that appears as a granular structure, which both degrades 
the actual sharpness of the image and annoys the viewer. As such, the speckle 
problem, as well as the historical lack of appropriate laser sources, has inhibited 
1 0 the development of marketable laser-based display systems. 

The prior art is rich in ways of attempting to reduce speckle, One 
common approach is to reduce the temporal coherence by broadening the 
linewidth of the laser light. Other approaches to reducing the temporal coherence 
ore to spKt the illuminating wavefront into beamiets and delay them relative to 
1 5 each other by longer than the coherence time of the laser, see for example US 
Patent 5,224,200, issued June 29, 1993 to Rasmussen et al. Dynamically varying 
the speckle pattern by vibrating or dynamically altering the screen is another way 
of reducing the visibility of the speckle pattern; see, for example, US Patent 
5,272,473 issued December 21, 1993 to Thompson eta). Another speckle 
20 reduction approach involves coupling the laser light into a multimode optical fiber 
and vibrating the fiber to cause mode-scrambling as described in US Patent 
3,588,217, issued June 28, 1971 to Mathisen. 

Another family of de-speckling solutions uses a diffusing element 
mat is moved or vibrated within the projector system. Typically, this is done at an 
25 intermediate image plane, as disclosed in US Patent 4,035,068, issued July 12, 
1977 to Rawson. One disadvantage of this approach is that the diffusion must 
occur precisely at the image plane or a softening of the image will occur. Also, 
the projection lens is complicated by the requirement to provide an intermediate 
image plane. A means of dynamically varying the speckle pattern by dynamically 
30 diffusing the laser beam in the illumination path of the device would be 

preferable A hologram illumination system utilizing mis approach has been 
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disclosed by vanLigtcn ia US Patent 3,490,827, issued January 20, 1970, m which 
a diffuser is rotated in the focus of abeam expander. Florence discloses in US 
Patent 5,3 1 3,479, issued May 17, 1994, illuminating a light valve through a 
rotating diffuser. These approaches have the disadvantage of not being adaptable 
5 to uniform efficient illumination of a rectangular spatial light modulator. 

Bunerworth et al. in US Patent 6,005,722, issued December 21, 1999, disclose a 
system in which a variable-thickness plate is rotated in the illumination of a light- 
pipe homogenizer. When used with lasers, though, light pipe homogenizers 
require either a large numerical aperture or a substantial length to achieve 
1 0 sufficient uniformity, aud offer less control with fewer degrees of design freedom 
than systems designed with fly's eye optics. Therefore, it is harder to control the 
illumination brightness while producing a uniform illumination in a compact 
system. 

Finally, the laser projection system disclosed by Trisnadi in US 
1 5 Patent 6,3 23,984, issued November 27, 200 1 , describes a design in which a 

wavefront phase modulator is used to impart a structured phase profile across the 
imaging beam. Image data is imparted to the beam by means of a linear GLV 
type spatial light modulator. This modulator is imaged to an intermediate plane 
where the wavefront modulator resides, and the intermediate image is 

20 subsequently re-imaged to a screen, with the image scanned out through the 
motion of a galvanometer. This system relies on the fact that a static phase 
profile, which is provided by the wavefront modulator, is imparted to the line 
image in the narrow (in-scan) direction. At any instant of time, a single point on 
the screen will be Dlurninated by one point on the phase profile The total 

25 intensity at a single point on the screen is the "incoherent" addition of all the 
phases. Further the phase profile of the wavefront modulator must be such that 
the interference effects from the high and low phase steps generally cancel each 
other out. While the system of the '984 patent does provide some speckle 
reduction, the fact that wavefront modulator is located at an intermediate image 

30 plane within the imaging system, rather than within the illumination system, 
compromises the system performance, as the phase changes are limited by the 
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constraint of not significantly effecting image quality. Also, as the 
aforementioned wavefront modulator is a static device, which is constructed as a 
passive spatially variant phase grating, it provides less control and variation of 
phase than an active device, and therefore potentially less speckle reduction. 
5 Another disadvantage of using a laser as a light source in an image 

projector is the susceptibility of interference or the occurrence of diffraction 
artifacts in the light valve. This is especially mic of liquid crystal modulators, 
wherein the thin-film structure can result in fringes in the image due to non- 
uniformities in the film layers. Diffraction artifacts arise from illurninaring a grid 
1 0 electrode pattern in the light modulator with a highly coherent beam of light 

There is a need therefore for a laser-based display system that uses 
a spatial light modulator, allows control of the illumination brightness to optimize 
system design, and exhibits reduced speckle and eliminates coherence artifacts at 
the spatial light modulator while exhibiting high throughput efficiency. 
1 5 SUMMARY OF THE INVENTION 

The need is met according to the present invention by providing a 
display apparatus that includes a laser light source for emitting a light beam 
having a coherence length; a beam expander for expanding the light beam; a 
spatial light modulator, beam shaping optics for shaping the expanded laser beam 
20 to provide uniform illurmnation of the spatial light modulator, the beam shaping 
optics including a fly's eye integrator having an array of lensleti; a diffuser 
located in the light beam between the laser light source and the beam shaping 
optics; an electrically controllable de-speckling modulator for modifying the 
temporal and spatial phase of the light beam; and a projection lens for producing 
25 an image of the spatial light modulator on a distant screen. 

ADVANTAGES 
The present invention provides for a laser display system in which 
speckle is reduced in the projected image by means of an electrically controllable 
de-speckle modulator positioned within the ttlumination portion of the optical 
30 system. This method of de-speckling, using an integrated design within the 

projector, means that the operational performance of the system does not depend 
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on external means, such as the vibrating screens, which may vary in application 
and design from one theatre to another. Additionally, as this de-speckling means 
functions within the illumination system, rather than within the imaging optics, as 
is more conventionally done, speckle can reduced to below perceptible limits 
5 without impacting the on screen image quality. Furthermore, by tuning the design 
and operation of the de-speckle modulator within the illumination system, this 
system could be optimized either on-the-fly with a feedback system, or 
progressively, as the laser source and spatial light modulator technologies evolve 
overtime. Finally, this system should be mechanically and electrically robust, 
1 0 light efficient, and insensitive to mis-alignment. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Fig. 1 is a perspective view of the laser display system with an 
electrically controllable electro-optic de-speckling modulator and a linear spatial 
light modulator according to the present invention; 
1 5 Fig. 2a is a cross -sectional view of the laser display with an 

electrically controlled electro-optic dc-spcckling modulator and a linear spatial 
light modulator according to the present invention; 

Fig. 2b is a cross-sectional view of an alternate configuration for a 
portion of the laser display optical system depicted in Fig. 2a; 
20 Fig. 3 is a perspective view of a first version of the electrically 

controllable electro-optic de-speckling time/phase delay modulator used in the 
present invention; 

Fig. 4 is a cross-sectional view of the first version of the time/phase 
delay modulator used in the present invention; 
25 Fig. 5a is a representation of the phase profile of the output of an 

optical system exhibiting visibility speckle; 

Fig. 5b is a representation of the phase profile of the output of an 
optical system that has reduced visibility speckle; 

Fig 5c is a representation of the phase profile of the output of an 
30 electrically controllable de-speckling modulator exhibiting cross talk; 
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Fig, 5d is a chart of the relative phase delay between adjacent 
modulator sites for an electrically controllable de-speckling modulator with both 
lateral and time varying phase perturbations; 

Figs. 6a and 6b are perspective views of alternate electrically 
5 controllable de-speckling modulatois that can be used in the laser projection 
display of the present invention. 

Figs. 7a and 7b illustrate the effect of a modulator of the present 
invention in terms of an unaffected wavefront and an distorted wavefront 
respectively, in the case of incident collnnated light; 
10 Figs. 7c and 7d illustrate the effect of a modulator of the present 

invention in terms of an unaffected wavefront and an aborted wavefront 
respectively, in the case of incident convergent light; 

Fig. 8 is a cross-sectional view of an alternative embodiment of the 
laser display system according to the present invention, incorporating multiple 
1 5 delays on the order of the coherence length; 

Fig. 9 is a cross-sectional view of the laser display system 
according to the present invention using a liquid crystal display light valve; and 
Fig. 10 is a cross -sectional view of an alternative embodiment of 
the laser display system according to the present invention using a micromirror- 
20 array light valve. 

DETAILED DESCRIPTION OF THE INVENTION 
Laser display system 100 according to one embodiment of the 
present invention, is shown in perspective view in Fig. 1, and includes a laser 110 
that emits a laser beam 1 15 of a desired wavelength in cither a continuous or 
25 pulsed fashion. The laser 110 can be, for example, asolid state laser, a fiber laser, 
a gas laser, or a semiconductor laser. Laser 110 is preferably a diode-laser- 
pumped solid state laser including a laser crystal (e.g. Nd:YAG, NdYLF, 
Nd YVO<, or Yb:YAG) that emits infrared pulses of light and includes nonlinear 
optics (typically optical parametric oscillators (OPOs)) that convert the infrared 
30 pulses of light from the laser crystal into red, green, and blue pulses of light. 
Mode-locked RGB lasers suitable for laser 110 are manuiacturcd by Lumcra 
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Laser GmbH and JenOptik. Another suitable laser is the Q-switched RGB laser 
developed by Q-Pcak. For simplicity, the laser* display system 100 is depicted for 
one wavelength only. These lasers generally produce high quality single mode 
beams, which have moderate laser line widths (<1.5 nm), small source lagrange 
5 values (<0. 5 um), and moderately long coherence lengths C L (0.1- 1 0.0 ram). 
Laser display system 100 is shown in cross-sectional view in Fig. 2a, to clarify 
some aspects of the design not readily shown in the perspective view of Fig. i. 

Beam expansion optics 120 expand the laser beam to produce a 
collimaied beam 145 with the necessary diameter to nominally fill the aperture of 
10 beam-shaping optics 170. The beam expansion optics 120 can be. for example, an 
afocal pair of lenses, as is well-known to one skilled in the art of optics. 
Alternately, for example, a three element zooming Galilean or Keplerian beam 
expander could be used. The afocal pair beam expansion optics 120 comprises a 
diverging lens 125 and a collirnaiing lens 140. The diverging lens 125 can be a 
15 single iens or a compound lens such as a microscope objective, and transforms the 
light beam 115 into a diverging beam 130. The coUimating lens 140 can be a 
single or a compound lens* and transforms the diverging beam 130 into a 
collirnated beam 145. This collimated beam 145 interacts with diffuser 150 and 
an electrically controllable de-spcckling modulator 160, and then is further altered 
20 by beam shaping optics 170. 

As the laser display system of Figs. 1 and 2a uses a linear spatial 
light modulator 200, which is long in the x direction, and narrow in the y- 
direction, the beam expansion optics 120 and beam shaping optics 170 are 
constructed anamorphically, and generally use an appropriate arrangement of 
25 cylindrical lenses. In particular, it is typically desirable to flood iUurninate linear 
spatial light modulator 200 with a long narrow line of uniform telecentrically 
incident light. For example, the illuminating light beam may have a uniform light 
profile extending 25-75 mm in the array (x) direction), whereas, the narrow cross 
array direction light only illuminates a 20-100 urn width, typically with cither a 
30 uniform or Gaussian beam profile. In die simplified case of the laser display 

system of Fig. I, the cross array optics, which condense or focus the beam of light 
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onto linear spatial light modulator 200 are shown for simplicity as a. single lens, 
cross array condenser 195. 

Thus, in the case of the Fig, 1 system, for a laser projection display 
using a linear spatial light modulator 200, the beam expansion optics 120 work in 
5 the array direction only, and are thus an amorphic, providing beam expansion in 
the direction of the linear light valve (x-diTection). In this case the beam-shaping 
optics 180 arc also anamorphic (cylindrical cross -sections), with optical power in 
the x -direction, and flat surfaces in the y-dircction (except far cross array 
condenser 1 95). Beam shaping optics 180 includes a fry's eye integrator 175. 
10 The fly's eye integrator 175 provides efficient, uniform illumination over the area 
of a linear spatial light modulator 200. The fly's eye integrator 175 includes a 
first lcnslet array 1 78a and a second lenslct array 178b, which are typically 
identical. The first and second lenslet arrays 178a and 178b include a plurality of 
lenslets with cylindrical surfaces, arrayed in a one-dimensional pattern. The 
15 second lenslet array 178b is separated from the first lenslet array 178a by 

approximately the focal length of the lenslets on the first lenslet array 178a, such 
that each lenslet in the first lenslet array 178a focuses light into the corresponding 
lenslet in the second lenslet array 178b. Other designs are possible in which the 
first and second lenslet arrays 178a and 178b are different, but are matched to 
20 provide the desired illumination. 

Alternately, the first and second lenslet arrays 178a and 178b can 
be integrated in a single block of glass orplastic. Also, the invention can be 
accomplished without the use of the second lenslet array 178b, especially if a 
small diffusion angle is used 
25 The beam-shaping optics 1 80 also includes a condenser lens 185 

and a field lens 1 90 located behind the fly 's eye integrator 1 75. The second 
lenslet array 178b, works in combination with the condenser lens 185, to image 
the lenslets of first lenslet array 178a in overlapping fashion to provide an area of 
umform illuimnation at the Knear spatial light modulator 200. Pi eld lens 190 
30 provides telecentric iUumination of the linear spatial light modulator 200 in or der 
to desensitize the system to defocus errors and to minimize the total numerical 
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aperture of the illumination. Field 1cm 190 nominally has a focal length equal to 
the lenslet focal length multiplied by the magnification of the illumination image. 
The spacing between the field lens 190 and the condenser lens 185 should 
likewise be generally equal to the focal length of the condenser lens 185 in order 
5 to make the iUurnination telecentric. The focal lengths of the lenslet arrays and 
condenser lens 185 arc typically chosen to provide sufficient working distance 
near the Linear spatial light modulator 200 that the opto-mechanics can be 
designed with relative ease. While individual ienslets may be as small as 100 urn 
in width, or as large as -8 mm in width, the individual Ienslets are typically 1 -5 
1 0 mm wide. The range of available lenslet sizes does depend on the manufacturing 
technologies used. 

The linear spatial light modulator 200 generates a single line 220 of 
the image at any moment in time. A scanner such as a galvanometer mirror 210, a 
spinning polygon, or a rotating prism sweeps the image lines across the screen to 
15 form a two-dimensional area image 225 on the screen 215. m the case of the laser 
display system 100 depicted in Figs. 1 and 2a, the system is configured as a post- 
objective scanner, with projection lens 205 located prior to galvanometer mirror 
210. As an example, if linear spatial light modulator 200 has an active area 40 
mm long, and the desired image size on screen 215 is 30 ft. wide, then projection 
20 lens 205 would operate with a magnification of ~230x. 

A variety of different technologies can be used for linear spatial 
light modulator 200. As simplistically depicted in Figs. 1 and 2a, this device is a 
transmissive modulator, which encodes the image data in the light beam by 
modulating the light in some way. This device, for example, could be an electro- 
25 optic modulator array made from PLZT which rotates the polarization of the 

incident light on a per pixel basis. In that case, a polarization beam splitting prism 
(not shown) would be located somewhere between linear spatial light modulator 
200 and galvanometer mirror 210, so as to separate the modulated and un- 
modulated portions of the light beam Alternately, the linear spatial light 
30 modulator 200 could be a transmissive acousto-optical array device, much like the 
device in discussed in US Patent 5,309,178, issued May 3, 1994 to Gross which 
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imparts a phase profile to the incident beam on a per pixel basis. In that case, a 
Schlieren type optical system can be constructed by placing a spatial filter (not 
shown) at Fourier plane internal to projection lens 205. Reflective grating 
modulator arrays can also be used, such as grating light valve (GLV) described in 
5 US Patent 5,31 1 ,360, issued May 10, 1994 to Bloom et al; a confbrmal grating 
device as described in US Patent 6,307,663, issued October 23, 2001 to Kowarz; 
or an clcctm-optic grating as described in US 6,084,626, issued July 4, 2000 to 
Ramanujan et al. In these cases, the laser projection display 100 must also be 
modified to deflect the light beam down onto the modulator and return the 

1 0 reflected beam into the system (such modifications are not shown in Figs. 1 & 2a 
but are within the ordinary skill in the art of optical systems design). 

A diffuser 150, is disposed between the laser 110 and the beam- 
shaping optics 180, to modify the brightness or etendue of the laser light to match 
the imaging requirements of the projection system. In the case of the laser display 

1 5 system 1 00 of Figs. 1 and 2a, which has a linear spatial light modulator 200, 
diffuser 150 nominally is also one-dimensional That is, diffuser 150 only 
diffuses light along the length of the light valve array (x direction in the figure), 
while leaving the beam nominally unaltered in the y-direction. The one- 
di mens tonal diffuser 150 produces just enough diffusion in order to efficiently 

20 illuminate the light valve and not enough to introduce flare light at the image. 

Exemplary one dimensional diffosers include diffrnctive line generators, available 
from MB MS Optical, and elliptical holographic diflusers, available from Physical 
Optics Corp. 

In particular, diffuser 150 is employed within the illumination 
25 optical system of the laser projection display 100 in order to reduce the source 
brightness (increasing lagrange). The diffuser angle do and the location of the 
diffuser 150 are selected accordingly. The lagrange of the system will be 
dominated by the product of the illumination beam profile half-width on the 
diffuser 150 and the half-angle of the light scattered by the diffuser 150. The 
30 desired syslem lagrange may be inferred from the specified image resolution, 
which in turn depends on the resolution of the linear spatial light modulator 200 
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and the imaging properties of the projection lens 205. By comparison, in the 
typical lamp based projector, the system lagrange will be determined by the need 
to maximize system light efficiency. As a result, the projection lens for the laser 
display may have an f-number in the f/7 to f/1 5 range instead of the f/3 required 
5 by the prior art lamp based systems. The actual design target for the lens f- 

number will depend on the imaging criteria specified to determine the quality of 
the lens (for example, a Rayleigh or Sparrow imaging criteria could be applied). 

As an example, the combination of a 40 mm long linear spatial 
light modulator 200 and an C10 projection lens 205, will specify a target lagrange 
10 of the projection system of - 1 .0 mm in the X-direction. In this example, the 

difruser 150 can have a half angle 6 D = 5.0° and be placed within the illumination 
system such that it is illuminated by a collimatcd beam with 22-mm diameter. In 
this example, the lagrange of the laser light will be reduced from ~ 0.3 urn to -1 .0 
mm, and a specular 17 1 0 beam could be provided to spatial light modulator 200, 
1 5 assuming the intervening optical system has the proper magnification and lens 

stnicture. Thus, through the selection of the appropriate diffuser 150, the lagrange 
or brightness of the effective laser light source can be defined to match the needs 
of the optical system, thereby boosting system light efficiency and simplifying the 
optical design, as compared to a traditional lamp based system. 
20 While dirruser 1 50 docs reduce the coherence of the laser light to 

some extent, the laser light will remain sufficiently coherent to impart speckle into 
the outgoing beam. Unless this speckle is further reduced, it will be present at 
both the linear spatial light modulator 200 and the screen 215 as an undesircd 
random variation in light intensity. However, the fly's eye integrator 175, which 
25 primarily provides uniform illumination to the linear spatial light modulator 200, 
also amplifies the effect of the difruser 150 on de-speckling and artifact removal. 
This comes about by overlapping many contributions from the difruser 150 on the 
linear spatial light modulator 200 and therefore in the image on the screen 2 15. 
Although the resulting speckle within the illuminating light at the linear spatial 
30 light modulator 200 and screen 215 is significantly reduced in size and magnitude 
compared to a similar system withont the fly's eye integrator 175, this remaining 
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speckJe can still be objectionable in critical applications. A projection display, 
which combines a very high to screen magnification, a high gain screen, and 
observers viewing the screen near the human visual acuity limits, is such a critical 
application. 

5 A primary purpose of the present invention is to provide a laser 

projection display that employs a combination of internal means to de-speckle the 
output of a pixilated optical system Speckle in such a system can be reduced 
when adjacent pixels or groups of pixels are not perfectly in phase with one 
another either spatially or temporally. A locally uniform phase profile, which 
1 0 extends across a group of pixels, and which con exhibit speckle is shown in Fig. 
5a. The present invention uses means (including electrically controllable de- 
speckle modulator 160) to alter the phase profile shown in Pig. 5a across an extent 
of the light beam such that it more closely resembles the profile shown in Fig. 5b. 
Fig. 5b shows a more random phase profile in which at any given instant in time 

1 5 adjacent regions along the x-direction see different phase profiles. Also effective, 
would be a geomeUy that provides a periodic or quasi -periodic profile as shown in 
Fig. 5c, which can far example originate with crosstalk between adjacent 
modulatOT sites. While periodic or quasi -periodic phase profiles reduce speckle, 
other undesired artifacts may be introduced by such periodic phase structures. For 

20 that reason, the preferred mode of operation according to the present invention is 
one creating a phase profile as seen in Fig. 5b In a preferred embodiment of the 
present invention, the laser projection display 100 includes an electrically 
controllable electro-optic de-speckling modulator 160, having a series of 
modulator sites that receive control signals to provide localized random phase 

25 changes to the incident light, thereby helping to reduce speckle visibility in the 
images displayed by the system. It should be noted that there need not be a one to 
one correspondence between the pixels of the spatial light modulator in the optical 
system and the modulator sites of the electrically controllable de-speckling 
modulator 160. [n fact (he optical system need not be pixilated at all, and for 

30 example could use an analog medium such as film for the image modulation.. 
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Thc electrically controllable de-speckling modulator 1 60 used in 
the laser display 100 of the present invention provides enough variation of phase 
within the light beam that the viewer or viewing system receives a reduced 
speckle image when the modulator is used in conjunction with an appropriate 
5 optical system. By independently electrically addressing the modulator sites, each 
site in the electrically controllable do- speckling modulator 16Q can introduce 
phase delays in the light beam with respect to the neighboring sites. A different 
voltage or voltage duration is applied to each site (or group of sites), thus 
producing a phase delay corresponding to as much as several waves of 
1 0 propagation in the light. This variation to the phase profile significantly reduces 
the appearance of speckle. By picking a voltage distribution that spatially 
provides a perturbed phase front and varying it in time, both spatial and temporal 
phase variation is introduced into the light beam. 

The electrically controllable de-speckling modulator 160 is 
1 5 included in the optical system of the laser projection display in such a manner that 
its' controllable spatially varying random phase profiles translate into a reduction 
of speckle. The electrically controllable de-speckling modulator 160 reduces 
speckle through a reduction of coherence, or a randomization of phase in a light 
beam spatially and/or temporally. The inclusion of the electrically controllable 
20 de-gpeckh'ng modulator 160 in the optical system serves to effectively scramble 
the phase profile of alight beam by varying the refractive index profile in the 
medium through which light travels. 

Referring to Fig. 3, there is shown a fust example of an electrically 
controllable de-speckling modulator 160 of a type that could be used in the laser 
25 projection display of the present invention. The electrically controllable de- 
speckling modulator 160 is a patterned device including a collection of 
addressable modulator sites that produce controlled rime or phase delays with 
respect to adjacent pixels in accordance with signals, or data provided to 
individual modulator sites. Commonly-assigned co-pending USSN 09/924,619, 
30 filed August 8, 200 1 , by Ramanujan et al, describes the design and operation of 
de-speckling modulators in greater detail than provided here. 
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Thc electrically controllable de-spcckling modulator 160 comprises 
a bulk electro-optic substrate 370 with a series of individual modulator sites 350, 
355, 360, etc. Each modulator site 350 has a delay region 380 through which a 
beam of light 320 encounters a time or phase delay in relation to the electric field 
5 applied between top electrode 385 and bottom electrode 400. Beam of light 320 
enters bulk electro-optic substrate 370 through an input facet 340, after which it 
traverses the modulator, and exits through output facet 345. 

The choices of electro optic materials from which to build the 
electrically controllable de-speckling modulator are numerous and include 
10 Lithium niobate, lithium tantalate and PLZT. For the sake of simplicity, further 
discussion of the parameters for the electrically controllable de-speckling 
modulator will center around the use of lithium tantalate illuminated at 633 nn% 
but it should be understood the geometry is applicable to a variety of materials and 
illumination wavelengths. If a different material is employed, care must be taken 
1 5 to ensure the correct axes are employed. For example, use of PLZT in such a 
device design can produce orders of magnitude greater phase delay along a 
modulator site due to the Larger electro-optic coefficient. However, the crystal 
must be oriented in a manner such that the applied eLectric field interacts with the 
optical field through the appropriate axes of the crystal. 
20 In the case of lithium tantalate, the geometry represented here is 

shown as y-cut, meaning that light propagates along the y-direction and electric 
field is applied along the z-direction. For best results, the light traveling through 
the modulator is polarized along the x-dircction (transverse direction). For the 
purposes of the electrically controllable de-speckling modulator discussions, light 
25 propagation direction will be referred to as the c-axis so that there is no confusion 
between the crystal axis and the propagation axis. (Note : Figs. 3, 4, and 6 use the 
standard coordinate system for clcctro-optic crystals, whereas Figs. 1 , 2> 8, 9, and 
10 use a typical optical coordinate system, with light propagation along the z- 
axis.) Other cuts and geometries of the crystal maybe employed, but in this first 
30 example, y-cut is optimal. 
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Fig. 4 shows a cross section of the electrically controllable dc- 
speckling modulator 160 with a beam of light 320 propagating along the y-axis of 
the modulator. It may be advantageous for the input and output facets of the 
modulator to be antircflcction coated. Furthermore, since the device effectively 
5 perturbs phase fronts, it should be recognized that input light to the modulator can 
come from a variety of sources simultaneously. The electrically controllable de- 
specklmg modulator 160 may operate on several wavelengths and angular extents 
simultaneously. 

A single modulator site can be defined as the region between top 
10 and bottom electrodes 385 and 400. A ray of light, as defined along the x- 

dircction of Pig. 3 propagates along the crystal between top and bottom electrodes 
385 and 400. Light passing through mat region acquires a phase change 
defined as follows: 

A* = (*A.)n 3 ifclV/d (1) 
15 As is seen in Eq. 1 , the phase change A<j> is a function of applied 

voltage V. length of propagation I, distance between electrodes d, wavelength of 
light X, retractive index n, and the r33 coefficient for y -cut Lithium tamalate. 
Given reasonable fabrication parameters such as propagation lengths from 5-50 
mm, thickness of 500 urn, and illumination wavelength in die red spectrum, phase 

20 delays of as much as several wavelengths can be generated for operating voltages 
between 0V and 160V. Understandably, all the input parameters can be altered to 
render more or less delay along a given channel or modulator site. All delays 
have been represented by distance or number of waves. It is equivalent to discuss 
delay as a time delay given by the distance of delay divided by the propagation 

25 velocity of the light in the medium. 

Referring back to Fig. 3, a plurality of modulator sites 350. 355, 
360 is defined by several regions such as the one shown in cross section in Pig. 4. 
A top electrode 385 and bottom electrode 400 defines each modulator site. It may 
be useful on fabrication to have a common unpatterned electrode on one side of 

30 the device as opposed to patterning both the top and bottom of the device. This 
allows modulation through differential voltage applied to the electrodes on one 
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aide of the device. The de-speckling modulator 13 electrically controllable in the 
sense that the device consists of a series of modulator sites which are addressed by 
a patterned electrode structure, and which can respond individually or in groups, 
to pre-deterrnined applied control signals. Each modulator site can be operated 
5 independently through means of different applied voltages, different address 
times, or combinations of both. The electrically controllable de-speckling 
modulator 160 can be used as either an analog voltage driven modulator, a pulse 
width modulated device, or a combination of both. The control signals applied to 
the de-speckling modulator could also be derived from a feedback loop, which 
1 0 monitored the reduction of speckle visibility or contrast, and then adjusted to drive 
signals to maintain or further reduce speckle magnitude. The width of any given 
electrode along the x- direction can be anywhere from sub-wavelength in width to 
literally millimeters in width. 

It may be of use to periodically switch the polarities of the top and 
1 5 bottom electrodes, or to introduce a blanking pulse. Such bi-polar operation 
allows dissipation of space charge in the bulk electro-optic substrate 370. 
Furthermore, because the operational voltages can be quite high and because the 
optica] field may not be well contained, the electrodes may be patterned with 
material such as Si02 under the electrode to act as a buffer layer 405 (see Fig. 4). 
20 Also, an overcoat 410 of acrylic or other insulating material may be applied to 
prevent arcing in air. 

The device structure provided for the clectricaJly controllable 
electro-optic de-speckling modulator 160 of l ; igs. 3 and 4 is only one example of 
this type of de-speckling modulator that could be used in a laser projection 
25 display. A second such example is shown in cross section in Fig. 6a, where each 
modulator site consists of a series of electrodes 420-435 spaced along the y-axis 
• of the crystal. A modulator site can be activated using all or a subset of the 
electrodes, for instance electrodes 420, 425, and 430, thus providing variable 
delay even with o single drive voltage. Each electrode (which have distinct 
30 lengths) can be driven such that the applied voltage in conjunction with the 
electrode length can give different known tractions of wavelength delay. For 
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instance, the first electrode may produce a 1/8 wavelength delay, the second 1/16, 
the third 1/32, and so forth. The applied voltage can be adjusted such that the 
same length of electrode renders the same number of wavelengths delay for 
different wavelengths of light Additionally the electrodes can be modulated in 
5 time individually within each modulator site thus further randomizing the phase. 

Another example of an electrically controllable de-speckling 
modulator useful in a laser projection display, is shown in Fig. 6b. The modulatoT 
has added complexity, but greater control as compared to that shown in Fig. da- 
Fig. 6b has different local electrode geometries between adjacent modulator sites. 

10 By spacing electrodes 390, 392, 395 within a modulator site (350 for example) 
and staggering electrodes 390, 397, 399 between adjacent/nearby modulator sites, 
the modulator is less prone to electrical cross talk effects shown in Fig. 5c. 
Similar results can be achieved by allowing space between electrodes both 
between adjacent modulator sites 350, 3SS, 360 as well as within a single site 350. 

1 5 On the other hand, as the electrically controllable de-speckling modulator is 

fundamentally a phase scrambler, intended to randomly alter the phase fronts of 
the incident light in localized areas, the introducticm of cross talk between 
modulator sites can help the intended result by introducing further phase 
variations. In the event that the designer wishes to contain cross talk effects, the 

20 electrodes will need sufficient gaps between them to prevent cross talk. It should 
be understood that there arc other exemplary structures for the electrically 
controllable de-speckiing spatial light modulator, beyond those depicted in Figs. 
3, 6a and 6b, which could be conceived of, and which could be used within a laser 
projection display 100 according to the present invention. 

25 Because the appearance of speckle can be reduced both by spatial 

variations to the lateral phase profile or by time variations between adjacent 
regions, the operation of the electrically controllable de-speckling modulator can 
he modified to accommodate both. In the first case, a lateral electric field 
distribution is established as a function of address to the electrodes. This 

30 distribution, in turn, defines a lateral phase perturbation, in the case of temporal 
variation, the same field profile may be employed at different sites. However, in 
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time, the relative fields arc varied such that adjacent regions are out of phase with 
each other. Ideally, a combination of both methods of operation, as shown in Fig. 
5d, provides the best result. 

An electrically controllable de-speckling modulator 160 can 
5 function to distort or scramble the phase fronts of the incident light 

Conceptually, this effect is illustrated in Figs. 7a and 7b for the case of collimatcd 
light, with planar parallel wave fronts 325 directed at normal incidence onto the 
modulator 160. As illustrated in Fig. 7a, zero drive voltage is applied to the 
modulator 160, and the wave fronts 325 emerge unaltered. As illustrated in Fig. 
1 0 7b, voltages are applied to the modulator sites 350, and distorted wave fronts 330 
emerge from the device. Figs. 7c and 7d illustrate the equivalent cases, where an 
electrically controllable de-speckling modulator 160 is located in convergent 
space within an optical system. Tt should he understood that these wave front 
distortions are exaggerated in extent and only representative of the general 
15 concepts. They are not necessarily depictions of wave fronts located 1 X apart 

While an electrically controllable de-speckling modulator 160 can 
distort wavefronts by providing spatial and temporal phase perturbations, the 
ability of the modulator to affect the appearance of speckle also depends on the 
design of the system in which it is used. The present invention predominately 
20 considers the case where the electrically controllable de-speckling modulator 
provides a small delay along a modulator site compared to the coherence length 
(Aa> « Cl) of the light source. Indeed, lasers can have coherence lengths ranging 
from fractions of a mm to several meters in extent (0. 1 -5.0 mm for 
Red/Green/Blue optical parametric oscillator type lasers), whereas, the lithium 
25 tantalate based de-speckle modulator will only provide a few waves of delay. 
Thus, as previously stated, this device can be used to cause time variant wave 
front distortions or aberrations, but not to directly alter the spatial or temporal 
coherence in an appreciable way Fortunately, the rime and space variable phase 
can be used to vary or average the speckle within the projected image, thereby 
30 reducing the perceptibility of the speckle if the variations are more rapid than the 
response time of the human eye. 



(40) 



M2 0 0 3 • 2 7 9 8 8 9 



-21- 

On the other hand, an electrically controllable de-speckling 
modulator could be used in a system where the provided phase delay ia on the 
same order as the coherence length of the light source (A<|> ~ OJ. For example, 
the typical white light source, such as an arc lamp, emits light with a coherence 
5 length Cl and width only several wavelengths in extent, which is comparable to 
the phase delay from the lithium tantalate based device. Alternately, an 
electrically controllable de-speckling modulator with about 1.0 mm of delay, 
could be paired with a small coherence length laser (such as an OPO type laser), 
to again basically match delay and coherence length (A$ ~ QJ. In such cases, the 
10 electrically controllable de-speckling modulator can be used in various ways 

within the optical system to alter both the spatial and temporal coherence directly. 
Tf the controllable phase delay significantly exceeds the coherence length of the 
light from the light source (Ac|> » Q,), even more dramatic effects can be realized 
with an electrically controllable de-speckling modulator 160. 
1 5 The effectiveness of the electrically controllable de-speckling 

modulator 160 in reducing speckle visibility depends both on the structure and 
performance of the specific device (Figs. 3, 6a and 6b show such exemplary 
devices) and the manner in which it is used within laser projection display 100. In 
particular, an electrically controllable de-speckling modulator 160 may be located 
20 prior to the first lenslet array 178a of fly's eye integrator 175 as depicted in Figs. 
1 and 2a, or within fly's eye integrator 175 as depicted in Fig. 2b, or similarly 
after the second lenslet array 178b of fly's eye integrator 175. In the typical fly's 
eye integrator based optical system used to illuminate a one dimensional device 
(spatial light modulator 200), the number (N) of lenslets in each lenslet array 
25 (178a and 1 78b) is relatively small, with ~ 6-20 lenslets providing adequate light 
uniformity. By comparison, the typical spatial light modulator 200, will be an 
array comprising a relatively high number (M) of tightly packed pixels, with 
between 256 to 4096 pixels serving most applications. The number (P) of 
modulator sites in the electrically controllable de-speck ling modulator 160 of 
30 Figs. 1 and 2 is determined by their effectiveness in reducing speckle visibility, 
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and is not tightly dependent on cither the number (N) of Icnslcts or the number 
(M) of modulator pixels. 

Assuming lhai electrically canO/ollable de-speckling modulator 160 
is operating under the condition that the phase change or delay it introduces is 
5 small relative to the coherence length (A$ « Cl) of the laser light beam (a few 
wavelengths vs. a few ram), then electrically controllable de-speckling modulator 
160 can be used to locally alter the wavefronts of the light beams, as in Figs. 7a-d. 
In this case, there will be many modulator sites per lenslet (P»N). In order to 
modify (distort) the wavefronts of imaging beams of lights within the illumination 

1 0 system, electrically controllable de-speckling modulator 160 is used in the far 
field of the imaged plane (or in one of its conjugate planes). Thus, in the Fig. 1 
system, where electrically controllable de-speckling modulator 160 is located 
prior to the first lenslet array 178a, and where this lenslet array is image conjugate 
to the spatial light modulator 200, electrically controllable de-speckling modulator 

15 1 60 is minimally offset from the lenslet array by more than the depth of focus 
(DOF), and is optimally in the far field of this conjugate plane (approximately 
>10*DOF). 

Similarly, as shown in Fig. 2b, if electrically controllable de- 
speckling modulator 160 is located between first lenslet array 178a and second 

20 lenslet array 178h, and in proximity to second lenslet array I78b» then electrically 
controllable de-speckling modnlator 1 60 is by definition located in the far field of 
the first lenslet array, and can therefore phase alter the wavefront structure. As the 
optical system can deliberately be designed to have the light underfill the Icnslets 
of the second lenslet array 178b, the required fill factor for the electrically 

25 controllable de-speckling modulator 160 can be reduced, which may permit 
alternative and less demanding electrode addressing schemes to the modulator 
sites. Si rrri laity, electrically controllable de-speckling modulator 160 could be 
located after second lenslet array 178b, and most likely between second lenslet 
array 178b and condenser lens 185. For these various cases, the wavefront 

30 aberrations induced by electrically controllable de-speckling modulator 160 
mostly effect the localized interference of wavefronts which contributes to the 
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creation of speckle. This configuration may also effect the quality of the imaging 
provided by the beam shaping optics, thereby causing some softness at the edges 
of the illuminated area. 

Alternately, far this same case where the electrically controllable 
5 de-speckling modulator 160 provides phase changes or delays which are small 
relative to the coherence length (4<j> « Cl) of the laser light, the electrically 
controllable dc-speckling modulator can be positioned within the optical system to 
act more like a diffuser which scatters or diffracts light, rather than altering the 
imaging wavefronts within the illumination system. In this case, the number of 

10 modulator sites is large compared to the number of lenslets (P»N), and the 

electrically controllable de-speckling modulator 160 is located in the near field of 
the imaging plane within the illumination system. That is, electrically controllable 
de-speckling modulator 160 is nominally located just before or just after first 
lenslet array 178a, and should he nominally within the near field (< 10 *DOF) of 

1 5 the conjugate image plane (conjugate to the image plane at spatial light modulator 
200). 

If, on the other hand, it is assumed that electrically controllable de- 
speckling modulator 160 is operating under the condition thai the phase change or 
delay it introduces is on the same order as die coherence length (A<j> - Cl) of die 

20 light &xjm the laser source 110, then the device can directly effect the relative 
temporal coherence of the light for one light beam relative to another. In this 
case, if the number of modulator sites is identical to the number of lenslets (P=N), 
and the modulator sites are aligned to correspond to a given lenslet of lenslet array 
178a, the temporal coherence is altered for the light beam transiting a given 

25 lenslet and modulator site, relative to the others. Each beam will create its own 
speckle pattern within the illuminated area at spatial light modulator 200, but the 
ensemble speckle will vary in time as the modulator sites are randomly driven. In 
this case, electrically controllable de-speckling modulator 160 can be located prior 
to first lenslet array 178a, but without any strict far field or near field positional 

30 restriction. Likewise, electrically controllable de-speckling modulator 160 can be 
located between the first lenslet array 178a and second lenslet array 178b, or just 
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after second lenslet amy 178b. This configuration would work even better if the 
phase delay is significantly (2x-3x or more) larger than the coherence length 
<A<t>>C L ). 

Alternately, an electrically controllable de-speckling modulator 
5 160, operating under the condition that the phase change or delay it introduces is 
on the same order as the coherence length - CO of the light from the laser 
source 110, such that the electrically controllable de-speckling modulator can 
directly effect the relative temporal coherence of the transiting light, can be 
provided within laser display 100 with a number (P) of modulator sites greater 

1 0 than the number (N) of lenslets (P>N). In this case, the electrically controllable 
de-speckling modulator can be used to randomize the coherence spatially across 
each lenslet array, and thus across the spatial light modulator 200 and screen 215. 
In this example, electrically controllable de-speckling modulator 1 60 is not used 
to alter the wavefronts with small phase aberrations, but to alter the coherence of 

1 5 one spatial area relative to another, and effectively synthesize a nearly incoherent 
source. If the number of modulator sites is modestly greater than the number of 
lenslets (P=8*N for example), the electrically controllable de-spcckling modulator 
160 can be located prior to first lenslet array 178a, but without any strict far field 
or near field positional restriction (as long as the modulator sites are not small 

20 enough to diffract, scatter, or diffuse appreciable light). In this case, the beam of 
light passing through each lenslet is split into relatively large adjacent regions, 
with the temporal coherence varying amongst the regions. However, if there are 
many modulator sites relative to the number of lenslets (P»N), such that the 
electrically controllable de-speckling modulator 160 functions more tike a 

25 mfruser, then de-speckling modulator 160 should be located in the near field of 
first lenslet array 178a In that case, electrically controllable de-speckling 
modulator 160 may be located just before or just after lenslet array 173a, and 
should be nominally within the near field (^O'DOF) of the conjugate image 
plane (conjugate to the image plane at spatial light modulator 200). These 

30 configurations would work even better if the phase delays provided by de-speckle 
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modulator 160 arc significantly (2x-3x or more) larger than the coherence length 
(A<(> > CO- 

In summary, laser display system 100 is designed to provide a 
projected image on a distant screen 215 that is free from perceptible speckle, by 
5 using a combination of speckle reduction/de-correlation techniques. The use of 
difruscr 150 not only Te-defines the effective lagrange or etendue of the light, but 
also breaks the coherent incident beam into a multitude of smaller, less spatially 
coherent wavefronts. Thus use of a light integrating system, such as fly's eye 
integrator 175, which divides the light into beamlets which are rcimaged to create 

10 a uniform area of illumination, also provides further speckle reduction by 
overlapping the many local contributions from the difruscr across the screen. 
Finally, the use of electrically controllable de-speckling modulator 160 provides 
means to disrupt the local phase of portions of the illuminating light, relative to 
other portions of the illuminating light, thereby altering the local spatial and/or 

1 5 temporal coherence relationships . This allows either the local wavefront phase 
structures, the temporal coherence relationships between wavefronts, or the 
temporal coherence across spatial areas to be altered Furthermore, it should be 
noted that speckle reduction in laser display 100 could have diffuser 150 attached 
to a motion mechanism, which imparts a linear, rotary, or random motion to the 

20 difFuser, such that the diffuser 150 moves by at least the characteristic feature size 
of the diffusing surface. The frequency of the motion must be faster than the 
flicker frequency (> 40 Hz). Speckle visibility is then further reduced by 
decorrelating the speckle pattern by time averaging the position and magnitude of 
the speckle in local areas across the full spatial extent of the image. 

25 Depending on its construction and operation, the electrically 

controllable de-speckling modulator 160 may impart sufficient phase 
perturbations, such as diffraction or scatter, to the light beam to actually cause the 
source lagrange or etendue to be measurably incieased. In the case of projection 
systems designed with a linear spatial light modulator 200 recniiring a relatively 

30 coherent illumination in the array direction, a small change in source lagrange 
provided by the electrically controllable de-speckling modulator 160 may be 
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aufficicnt to meet the imaging requirements of the projection system. In that case, 
the laser display system 100 may be constructed without a difruser 150. 

It also should be understood that the cross array optics in Figs. 1 
and 2a show a simplified optical system with just one cylindrical lens, cross array 
5 condenser 195. Cross array condenser 195 conditions the light beam in the cross 
array direction, to optimize it for interaction with linear spatial light modulator 
200. It should be understood that multiple cylindrical lens elements could be used 
for this beam conditioning. It should also be understood that some of the lens 
elements within laser projection system 1 00 prior to linear spatial light modulator 

10 200 could be spherical, and shape both the array and cross array beams. Likewise, 
projection lens 205 could also include cylindrical lenses (not shown), to provide 
further control of either the array direction or cross array direction spot formation 
at the screen 215. Similarly, it should be understood that cross array optics (not 
shown) could be provided prior to electrically controllable de-speckling modulator 

15 1 60 to pre-condition the light beam so as to optimize the interaction of the light 
through the electrically controllable de-speckling modulator. In that case, cross 
array condenser 195 or equivalent would adapt the cross array light beam exiting 
electrically controllable de-speckling modulator 160 to optimize it for input to 
linear spatial light modulator 200. It should also be understood that alternate 

20 beam homogenizing optics to the fry's eye integrator could be used In particular, 
an integrating bar/kaleidoscope, much as described in (Moulin patent), could be 
used within an alternate design for the beam shaping optics 170, and provide both 
uniform illumination, as well as a contributory effect to speckle reduction in 
cooperation with diftuser 150 and electrically controllable de-speckling modulator 

25 160. 

An alternate construction for laser projection display 100 is shown 
in Fig. 8, in which a beamsplitter array 240 is used to provide optical path delay 
differences so as to reduce the coherence of the composite laser beam 250. 
Beamsplitter array 240 comprises an arrangement of (R) partially reflecting 
30 mirrors, which create a series of beamlets 245 with optical path length differences 
(Ad) between adjacent beamlets 245 thai are on the order of the coherence length 
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of the laser or larger. Optimally the optical path differences (Ad) arc on the same 
order of size as the coherence length C L of the laser 110. The mirrors of 
beamsplitter array 240 would be partially transmitting, and partially reflecting, 
with the reflectivity increasing progressively from the first mirror (241a) to the 
5 last niirror (241 e). Although beamsplitter array 240 is illustrated as an array of" 
mirrors, prism arrays and other structures could be used. Beamsplitter array 240 
effectively works as a beam expander, using the El bcamlcts to create a composite 
laser beam 250. However, as the R beamiets travel different optical path lengths 
(Adt, Ad 2 , Ad 3 , etc. . .) which are comparable to the coherence length C L , the 
10 temporal coherence of the light will vary across the spatial extent of composite 
laser beam 250. Ideally, each of the R beamiets 245 are temporally incoherent 
relative to the others. However, the scheme is still useful even if the temporal 
coherence changes more slowly, such that groups of beamiets 245 are coherent to 
each other, as these groupings will tend to change randomly in time, as the 
1 5 coherent emissive state of the laser 1 10 fluctuates in rime. 

As the typical laser beam 115 has anon-uniform light intensity 
profile (a Gaussian profile being common), each of the beamiets 245 will also be 
non-uniform, and composite laser beam 250 will be non-uniform as well. As with 
the Fig. 1 system, diffuser 150 is inserted to change the effective source lagrange 
20 or etendue to match the imaging requirements. Diffiiser 150 also helps to make 
composite laser beam 250 somewhat more uniform and less coherent. Again as 
previously, a fly's eye integrator 175 is used to both improve the illumination 
uniformity and reduce speckle visibility at spatial light modulator 200. However, 
in this case, first lenslet array 178a is designed to have each bcamlet 245 
25 illuminate M lenslets, so that each beamlet 245 is transformed into uniform 

illumination at the light valve. Thus there are a total of at least MxR lenslets in 
each lenslet array 178a and 178b. The effect al the screen 215 is that each of the 
R laser beams will produce their own fine speckle pattern dictated by the diffiiser, 
the M fly's eye lenslet pairs used by a given beam, and the screen. The MxR 
30 speckle patterns will add incoherently to produce an overall averaging even 
without the use of electrically controllable de-speckling modulator 160 or the 
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motion of diffuser 1 50. Although in some less critical applications, this degree of 
speckle reduction may be sufficient; for critical applications, laser display system 
100 of Fig. 8 is further improved with the addition of electrically controllable de- 
speckling modulator 1 60. As the temporal coherence within composite laser beam 
5 230 is already signiGcantly variable, electrically controllable dc-spcckling 

modulator 3 60 can be used to alter the phase wavefronts within the bearnlets 245, 
assiiming the applied phase change is small relative to the coherence length 
(A<J> « Cl). As with the prior discussion, electrically controllable de-speckling 
modulator 1 60 can be positioned (see Fig. 8) within laser display 100 in advance 

10 of first lenslet array 178a, such that il is in the far field (well outside the depth of 
focus (DOF)) of the conjugate image plane of beam shaping optics 170. 
Similarly, as previously, electrically controllable de-speckling modulator 160 can 
be located in the downstream far Held of the conjugate image plane, in proximity 
to second lenslet array 178b, either before as in Fig. 2b, or after. Alternately, if 

1 5 electrically controllable de-speckling modulator 1 60 provides phase changes 

comparable to the coherence length ~ C L ), the modulator can be used to vary 
the temporal and spatial coherence across regions within each of the M lcnslets, 
where these regions arc relatively large compared to the wavelength of light (to 
neither scatter nor diffuse). 

20 Thus for, this invention for a laser display system utilizing both an 

electrically controllable de-speckling modulator and a spatial light modulator for 
imparting image data, has been descrihed with respect to the use of one 
dimensional light modulators. There are a wide variety of two dimensional (area) 
spatial light modulators which can be used in electronic projection systems, with 

25 liquid crystal light valves s (LCDs) and micro-mechanical mirror arrays (including 
the digital mirror devices (DMDs) from Texas Instruments) being the most 
prominent. Relative to the laser display system of Fig. 1, the primary impact of 
switching from a one dimensional spatial light modulator to a two dimensional 
type, Is that both the tf lumination optics and the electrically controllable de- 

30 speckling modulator 160 must be modified to work two dimensionally. In that 
case, the fly's eye integrator 175 typically use fly's eye lenslet arrays 178 (n,b) 
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laid out in a two dimensional pattern, where the lens lets have spherical surfaces. 
Likewise, diffuser 150 provides controlled two dimensional {ur spherical) 
diffusion, rather than the onc-dimensionai diffusion preferred in the Fig. 1 linear 
system. Such diflueerB are available as holographic diffusers from Physical 
5 Optics Corp. or a randomized microlens array from Corning - Rochester 
Photonics Corp. 

The various examples of spatial light decrrically controllable de- 
speckling modulator 160 detailed in Figs. 3, 4, 6a and 6b are one dimensional or 
linear devices. It is possible to construct a two dimensional electrically 
10 controllable de-speckling modulator by stacking a series of these devices, or by 
placing a scries of these devices in offset locations within the optical system. It 
should also be understood that other types of electrically controllable de-speckling 
modulators can be designed, which use other electro-optical materials more 
conducive to use as a two dimensional structure, which could then be placed in a 

15 laser display system with a two dimensional image modulating spatial light 
modulator array. 

For example, Fig. 9 shows a cross sectional view of a laser 
projection display 100 using an area type modulator array, such as an LCD. As 
before, laser 110 emits a laser beam US which is pre-conditioned by beam 

20 expansion optics 120, diffuser 150, and beam shaping optics 170 to illuminate a 
spatial light modulator (liquid crystal display 255). And as previously, diffuser 
150, fly's eye integrator 175, and electrically controllable de-speckling modulator 
160 all contribute to reduce the presence of speckle across two dimensions at the 
spatial light modulator and at the screen 215. Unlike the system of Fig. 1, in the 

25 system of Fig. 9, a two dimensional on screen image is not formed by scanning, 
but by using projection lens 205 to direcdy image the spatial light modulator 
(liquid crystal display 255) to the screen 215. The illumination light passes 
through a pre -polarizer 260, and a polarization beam splitter 265. Liquid crystal 
display 255 modulates the illuminating light, rotating the polarization state of this 

30 light on a pixel by pixel basis, according to the applied command signals. 

Modulated image bearing light beam 275, which is directed to the screen 2 15 by 
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projecuon lens 205, is funned by polarization rotated light which reflects off 
polarization beam splitter 265. Nominally polarization anaJyzer 270 is used in a 
crossed orientation, to define the dark state. As the typical laser source emits 
polarized light, it may not be necessary to utilize pre-polarirer 260 in the laser 
5 display 1 00 of Fig. 9. In this case, it would be necessary that laser beam 1 15, as 
emitted by laser 1 10, be sufficiently polarized ( 1 00: 1 for example), and that 
neither difluser 1 50 or electrically controllable de-speckling modulator 1 60 
significantly degrade this innate polarization contrast 

Similarly, Fig. 10 shows a cress-sectional view of a laser projection 
1 0 display using a micro-mechanical mirror array 280, such as the DLP chip 

available from Texas Instruments. Unlike systems using a liquid-crystal spatial 
light modulator, which rely on controlled polarization effects to modulate the 
light, the micro-mechanical mirror array 280 utilizes angular control of the 
beamlets of light on a pixel-by-pixel basis. This system is substantially the same 
15 as the system shown in Fig. 1 , except the illiunination converges to an aperture 
290 beyond the micro-mechanical mirror light array 280. Individual pixels are 
formed by micromhTors that either direct light through the aperture 290 of the 
projection lens 205, or toward a stop 285 (t.e a Schlicren optical system). Pixel 
brightness is controlled by selecting the proportion of time within a frame that 
20 light is directed through the lens aperture 290. This type of system can be 

constructed either with a two dimensional spatial light modulator array, a 2D fly's 
eye system, and a 2D electrically controllable de-speckling modulator 160 as in 
Fig. 10, or alternately with a ID spatial light modulator array, a 1 D fly's eye 
system, a ID electrically controllable de-speckling modulator 160, and a scanner, 
25 such as the galvanometer used in Fig. 1 . 

For simplicity, the invention has been demonstrated with a single 
laser beam and single spatial light modulator, although the broader discussion has 
been directed towards a full color RGB projection display. It should be 
understood that a 3ystern can be constructed with separate red, green, and blue 
30 light beams which follow separate optical paths to illuminate the respective red, 
green, and blue spatial light modulators. The modulated light beams would be 
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color combined, typically by an x-prism located before the projection lens, and the 
resulting bght beam would be imaged to the screen to provide a polychromatic 
image. The separate red, green, and blue beams can originate from three separate 
lasers, from one OPO type laser package using a combination of non-linear optics 
5 to output three beams, or from an OPO type laser package integrated to provide a 
single white light laser beam output, which is subsequently color split. 
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PARTS LIST 



100 


laser display system 


110 


laser 


115 


laser beam 


120 


beam expansion optics 


125 


diverging lens 


130 


divcreinp beam 


140 


colli mating lens 


145 


rnlli mated beam 


150 


diffuscr 


160 


electrically controllable de-speckling modulator 


175 


fly's eye integrator 


178a 


fit's t lens let arrav 


178b 


second lens let array 


180 


beam shanintf nntics 


185 


condenser lens 


190 


field lens 


i ? j 


rrnoc arrav rfwiHpitcm* 


200 


linear spatial light modulator 


205 


projection lens 


0 If) 


OA 1 vnn AiriAf mirror 

gtu vimoQicicT mirror 


215 


screen 


220 


line image 


225 


area image 


240 


beamsplitter array 


24l(a-e) 


mirrors 


245 


beamlcts 


250 


composite laser beam 


255 


liquid crystal display 


260 


prc-polarizcr 
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265 


polarization beam splitter 


270 


polarization analyzer 


275 


modulated image bearing light beam 


280 


micro-mechanical minor array 


285 


stop 


290 


aperture 


320 


light 


325 


wave front 


330 


distorted wave front 


340 


input facet 


345 


output facet 


350 


modulator site 


355 


modulator site 


360 


modulator she 


370 


bulk material or substrate 


380 


delay region 


385 


top electrode 


390 


electrode 


392 


electrode 


395 


electrode 
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electrode 


399 


electrode 


400 


bottom electrode 


405 


buffer layer 


410 


overcoat 


420 


electrode 


425 


electrode 


430 


electrode 


435 


electrode 
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WHAT IS CLAIMED IS: 

1 . A display apparatus, comprising: 

a) a laser light source for emitting a light beam having a coherence 

length; 

b) a beam expander for expanding the light beam; 

c) a spatial light modulator, 

d) beam shaping optics for shaping the expanded laser beam to provide 
uniform illumination of the spatial light modulator, the beam shaping optics 
including a fly's eye integrator having an array of lenslets; 

e) a diffuser located in the light beam between the laser light source 
and the beam shaping optics; 

fj an electrically controllable de-spcckling modulator for modifying the 
temporal and spatial phase of the light beam; and 

g) a projection lens for producing an image of the spatial light 
modulator on a dis tant screen . 
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FIG 4 
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PHASE IN ARBITRARY UNITS 
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ABSTRACT OF THE DISCLOSURE 

A display apparatus includes a laser light source for emitting a light 
beam having a coherence length; a beam expander for expanding the light beam; a 
spatial light modulator, beam shaping optics for shaping the expanded laser beam 
5 to provide uniform illumination of the spatial light modulator, the beam shaping 
optics including a fly's eye integrator having an array of lenslets; a diffusex 
located in the light beam between the laser light source and the beam shaping 
optics; an electrically controllable de-speckling modulator for modifying the 
temporal and spatial phase of the light beam; and a projection lens for producing 
1 0 an image of the spatial light modulator on a distant screen. 
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fc&i-»W*tt«ttt*fcW«Jca*tt-C*8. J^fflW 
Xf±fll««tt*«t*a7 p o7r^^tt^^y^^t^* 

40 4^7-f77 ^ Ktffcfc6*ix8»niBtt**>8. wCQ 
fc*, *«Wt-«8»a4»^-KI4, H5b«d*S 
ix^:J:9 4r4ti7 A n7r-r^^^1-8fe^r^8o * 

-Y 1 0 014, -a<0«|»«B4«r*i-8, ««tt£M» 

*lc«*i-8fc*o«iJ«l«*S:aflrL, wtblcj:^, 
^T^lcJ:orS^$^81i«t^t8^^y^^oft 

50 »t8SM5t2C«l*wiir*4, «*MK«Hipirieft^^y 



t 

% 



13 

Jfc*Mffi1-S&W4ft p t v > 5 d (c tt*-J-fi 

[0 0 3 0] *38W«)U— If^-f *:/i"r 1 OOM 
Sna^WlcWjaBTtgi^^y^/ugft^SPWSl 6 0 

ft^s^/HitofeSEHI&l 6 OlcfcN* 5 

[0031] *«M(cm«p^tt3k^^y^/uM^cCMV 
i6on *©«o»^ffi*^(inwtcaE»-r5 7>^A/j: 

{StS 7*077^ /i^s*^ y ^ ^(Di&tg,^ t &ft (trans I 
ate) l-SJWfe-C, l/-fiS»T^^/WO*¥^ 

aen»i6 0tt, nt-i/^^^tt, x«* 

o 7 7 /ufcSMftttlc* * 7 VTVi^-fra <£ 5 £43. 
[0 0 3 2] M3 & £ % u — -y 2 

*vo>a. w^a^tt^waiprtg/jr^^y^/u^acH 

§§l 6 Oil, 7 K^Mie^fttftoCMW^ 40 

»<02EB»«#f4* iff-, XttfflJ5U<D*W»«£tc#fc 
SftSx-^lc&oT, MftBBKHLT. MttSftfc 
^M;*l4ffitB<0affifc8£+S. 7^*v^ WtillCi: 9 
2 0 0 l¥8^ 8 SJCfflHSti, £fclc««$ftfcra8* 
««*©*HW»tFa«S/yryu»-»||0 9/9 2 4, 6 

f^icou ^ r ^ w iz& £ t o J: o r l < k?3 t r ^ 

[0 0 3 3 ] ««ttlCffl» pf jgfc*^ y * /U^nj} 50 



3) 2003-279889 

1 6 Ott, -Bc0flgiJCOaEWSW»3 5 0, 3 5 5, 3 
6 Oftif«:*-»-S/</u^«***»4R3 7 0Sr«*Tl> 
5o #SeH»«#3 5 0l*affi«#3 8 0**U 3t<£> 
fcf-A 3 2 0 fi, ±fSai£^3 8 0 SriioT, ±35^ 

&3 8 5 tT»«*4 0 0i«)IBK:BiinSn««iMcBB 

Ott, A* 7 7** h3 40«r^LT/<yu^aft5t^S 
«3 7 0£AJtU *<0«f4£WB*«»LTtttfj7 7 
■fey h 3 4 5^6ffll+t5. 
» [0 0 3 4] «»tttfBI9^S64^^!x^/u|»*a!«» 

5^, *©*K:f4~3i-yBy*-*A, *>*/u^y^-£ 

« ft iCfflSP njffi ft * ^ y * /M**« W»<D 1ttib<Ds<7* 
-*fcH1-5«»WBtt<0*'fctt, iHT6 3 3nm 
-CBUtSft* * ^*/H*y f-l? A Srftffl-f 5 r t fc*i< 

«T«BE1-SJ:5JcEitLftH-ixtfft6ftvv r 

L^LftiSfe, ^ B *±> BiaD*^a«*dStt4^ajEft 
ttSr^UT** (optical field) ittSf^ffli-5J:5 

[0 0 3 5] ^^^^»y^(7A<0»^ ww^«^$ 

$ix5 0 «««j»c«y«ipri6ft^-<y^yugft*aEB|»|co 
J:5^3fe©fi*8*|B|*c(*tl»-i; o ®it : m 3, 04 

jitfH6tt % a«3t^a^^*oa!pwftffia»tffi 

^LTV^a^lci^LT, HI, EI2, HI8 N 8 9X^81 
1011 3t^2$a*Cfe v oT^i--5, AS!ttft**Offi 

[0 0 3 6] H4J4, *Of-A3 2 Od5^»3S^yW 
W»cM»pTBft^><s'^/Hfc*sCBI»l 6 014, 



-8- 



IS 

[0 0 3 7] *-<02EW«MlJ#tt, ifflUffi 3 8 5 k T 

X'hoo Jfelfcli, H30xJSrlft(CJBo-Cif/aSHTV^S 
<fc?fC, ±««ffi3 8 5 tT»»«4 0 0 t^BSrttfi 

[0 0 3 8] 

[ftll A<f> = U/l) n 3 r 3 3 lV/d 

[0 0 3 9] ftit?^5J:5^ ffitt«{bA*tt, f? 
Jn£ft£SJEv4, fittajtd i t, Sffifflco&iSid 

yf?AWr3 3ffiSi<ORS^5o 5mm^b5 0 
mm^TO^citt^fiS 4 5 0 0 n mG9J?£ kifc&X^? 

b it 5 JRJtttft t <a J: 5 ft S g ft 7^-^ 
*gf#i:1-5i:, 0 V4 1 6 0 V«)|B«)»ff«BEte#L 

o T b ft * ^mSfi i t TSMM-S w i 4 

[0040] wxf®3tt&mi-zk, ttft<agns»# 

3 5 0, 3 5 5, 3 6 014, H 4 <75^®HIC^^iX?t ^ 

<Z)OJ:5ftv^<o^flB«(cJ:oriirj«*ixrv^s 0 ± 

warn 3 8 5ftonF»««4 o cm, #seii«A^«:ir 

^^-vftStiTV^ftv^«4:#i-5w4^#tt-C*) 
*DSii5a»«E*fflv^«W^priBift5. ***<y 

ft^^s/^^»**BI»l 6 011, r^n^aE-cigSi 

^nofis, ft* xf±wft 

j/^yu**«w»icaiftsft-5fMflpflr»tt*fc, **<y 

— K^y^/U— 7"d»6WUSft, ftV^-C^^y ^/UO* 

* $ feNMW 5 14 S & Idtt* £ * 5 -< < 

i-«J; 5«clHE*ftSwt^FrilB-c*-5 0 xJWHcfto 

fcfi*<0*;ibftfc««<D*Bf4, m&uT<n$%frbx?p 



(9) &M 2 0 0 3 - 2 7 9 8 8 9 

16 

[0 0 4 1] ±SfB«S4:T«tt««Offitt<Z)fflffltta9» 
5* :Hfc2Stt©lftii, 3 7 

ttflEl4#»£ * < ft 5 PTtttt** 9 , ;&>0*Sf4+#fC 

ttHCaAfeftftv^tdJjbSWC, S«f4. /<y77 
14 0 5 (i24S:#JS) £LTfEffi+ SJ: 5ft»«<0T 

(os i0 2©i5fttt-»fcifeic/<#-wk*ftawi 

[0 0 4 2] d 3 RtfB 4 <&ttfttt£M» FTffift ««)fe 

Sft, rdW, #^IBSffl»f4^SOytt*c»oT« 
Pi^ftfc-ffi^mS4 2 0 75^4 3 5-e«j*SftTV^ 

20 «ttf««4 2 0, 4 2 5M4 3 

o*rfflv^xjstt<k*ft*rt*pr*-e**©-c, 

(WiUpriBft* &SSf4, B3ifl*ftfc«E 

l48H«roi/3 2*j8tt5, ftWSFrtB-CfcS. 
IS] 3 »45K*<03fe«c»1-5CTi:tto« 

^5. ^ftic^njx.r, as«#Kn«w»rt"c^Biico 
v^rwi»cg6ii*ftawi*»riB-c*a*:ft, 

bfc^^AflsSftS. 

[0 0 4 3] 06 b U-*fS»f -f^^^fc* 

v^r#aft«»»fc«»^«ft^^y^^§ft*«B»o 

fc 5 lo<Z)HJfi«^SftTV^5. EI 6 a (C^Sft^S! 

»{tfes$ftrv>* 0 06bn, mg-tz&m&mftm 

X, *45JB3f«4««<03ftflr*EllS:*Lrv^ a * 
^ S3 9 0, 3 9 2, 3 9 5*looaj«»«J» 

3 5 0) P^lcgSPlLTEBL, a*oBWLfc/ar<03E 
P^a5^r B lra;S3 9 0, 3 9 7, 3 9 9^{4S^-fb 

S^^ft^ h-^©a**:Stt«C< < ftoTV>3 0 
IBJ«0D**tt, Pg"f-5^P^95^3 5 0, 3 5 5, 3 
6 OB 4, ¥-<0*fll»»#3 5 0rti^jW*Ttt«B 
«cBW*t3t-a:5cilcJ:o-cfea*Sft»5 0 
•C, ««W«cW«9^rj64^-<y^/u|»*««»ttS*tt 

50 it£frtzm®X 1 7>#'J»\Z.mt $ -£5 C k as*H SftT 



17 

5 0 03, 06 aMi6 b[C^£ftfcitf>«*M£i, 

t v * -5 - t itmm ztiz &9# th Zo 

[0 0 4 4] X'tyfAstyaLtti* *U}fotoVM7n7 

stcawbs-fr&ixa. sis dic^sjufcj: 

61". 

[oo45] aft«jicsw«rie*^-<y^^»*3Efw« 

a&tf0 7 blc*3^T, WT{bSH^:3ti»o^cov> 
"Crco^S^Sjx, ¥B±©W?4ttB3 2 5MMI 
SSI 6 0±^»»cAlt+«*3terti*ft»tfeiiTV^ 
So 07 alcSSixfc&SKitt, SMWl 6 Ofcttifn 

wa»«E^Biaisn, «B3 2 5 ^awt-fr-rica d & 

ttr^5 0 07 bfc^s*ifcfc*icttu 3EWSSS&#3 5 

e>*b;h/CVS. 07c&tf7dli, ttftftlCfflVpTlie 
•tSSffllcEitSixfc, W«o»**:;j*L-Cva. rft 

EBSixfcttBtrvLfcio-Ctt/jtv^ 
[0 0 4 6] S«Wlc:»Jffll^ffi*^-<y^y^^98Si 

1 6 oft, amttatmnBtt4tt«oa»*witi-*c 

fcte±o-C*Bfcafti-*ii:3ft*"C#S#, ^y^/u 

^i-3«*ico^t#*ltv* 0 nw, 1^— 9*1* 1 



(10) ttlM2 003-279889 

7^hyyi?8mi/-f^fJ0. 17^5. 0 

[0 0 4 7] — JSTT?, «ft»(wM«lFrilB4^^!X^^lfc 

■cift«prig-e*>5 a 7^7yroi5ftA 

^SCl i ztut, *>-*/w»i; 
A ICS<5V * ic X SffiffiSjffifclEKI- 5 t 

= t~^^f^!/-f (OPOlU-ff) 

3to=xfc-u>^S$r^:ffitcjSaLrv>tt« (A*>C 

[0 0 4 8] ^^y^^©a»tt4r«*-»-*Cfclc:*»t 
»3t<Of^^ (0 3, 0 6 a&tf0 6 btt:w 

«^««tt4?w**r*L-cva) «)*aAt5ttffi 
^0 ^^n^^ y-rx • r-r • ^yf/u-^ 1 7 5 

ix5*^36S*>9, 0 2 btCTftZtitzX ilzy^JX- T 
J - J yy^yi—? 1 7 5 (73rt«JCiEKSix5»^i* 
19, iL<ttiS]«ic:7 7-f x- r>r • -isJ-fv-t 1 

^5»fri*>5 0 i^tcOx^^ (Sm%KMS 2 0 
0) *:B»W-5fc»lc(fcfflSn«Alltt*79-f X- T 

VXl/y h7l/- (17 8 a ^0*1 7 8 b) |C*JJt5U 
f0 >XUyhofi» (N) tttfc««j/>>S<, -675M20 



-10- 



(1 

19 

Zti\ztt&-tzt, *&ft&£mjfcKM*2 0 014, H: 

(m) w**Lfcir**:«i*rv>5ru--efc 

oT, 2 5 6ffl£ 4 0 9 6 flO|BlC0iif*ft"CI$ t 

nsn^flft (p) ^^y^/^aBtttBds 

(N) (ct>SM«a0Sft (M) tt,4«iftt#L4 

[0 0 4 9] a«wtc*j^^^^^y^/n»*^w« 

1 6 0#, *tLjcJ:or»A**b5ffl:ffi^*{IsXttil« 

LT»mm) , ««WtC»J»^r|g*^-<y 
^/UBft^SEWSl 6 0»4. H7 aMi7 d ICjolt* £ 
5 ic3t tr-AOiftffi4r»0rW(cge^5 «fc 5 KAMI «T«&-C 

an»«»is#fti-§wi:^7S5 (P>N) 0 BMM/* 

fA^t, M^ra*^ 20 

hru— A»6*/hH-ct)j*^iai* (DOF) J: 

7 7- 7^-/1/ Klcfffi (ID>lOx 
DOF) 0 

[0 0 5 0] mmz y M2 b\Z.7jk£tifr£ a^cw 

Xl/y h7U-l 7 8 a i»2W^Xl/y 
7 8 b £^f?fllC:fc^-CM2<DUVXl^;/ F7t — 1 7 8 
blCifflgLT&fi£ftT^ftl4, ««WfcfM»*nfifc* 

^**/H»*aB>l»i eottSSSCictfi^i/yx 

*>*-rAJ4, WS2ff)!/yXl/y hTU-l78bO 

■C, afcttlcMWwrJStt^^y^^lfc**!!*! 6 01: 
&Bfc 7^/U77 * *i4{£® £ia5 r £ AS^TSB-Cfc «9 , 

Ids «*ttlc*J»^rtt4^x y ^/u»*jBH#i 6 o 
14, S20l/yXl/yh7l/-l7 8b^Sl:, 



(11) ^2 0 0 3 -2 7 9 8 8 9 

20 

b t ^yf>t^>xi 8 5 ^^raiciae^nsr it> 

1 6 OlCfcoTWSSil 
5&cgcoifcilf4, ^^y^^W4*fc»*i-5 

<n#M (softness) 

[0 0 5 1] -tftlcftfooT, ««ttlcHWPpTII64^^< 
/0 y^/H**J«IH 6 0#U— f 2 ^ 3 t-uvh^td 
tt^T*Sv^0*^tt»B (A<*>«Cl) 

l-5ropji:i§^ic(4, «ftfi«jtcM»^rffi*^^s/^^ 

**J: 9 fctfL5, 5t«r»ka**5^XI4llSfS-e:'57 f 

mmt^^x^v h<Dm%c±*)£< (p>n) , s«« 

r^[^^t5¥I<Z)^77^-yuK (iStSSF) fcE 

**«»16 0I4, ^r*l4, Il(OI/yX!/yh7U 
-17 8 a(Oitt«rXJ4a:»^iBfi$n, a>o4*T?f4* 

(SBn*ae«»2 o oicfc^Tif«¥BK:# 

) ©=77-f-;PKrt «10XDOF) Id 
[0 0 5 2] rftlcfl-LT, «Sttt(c»JISiBrj64^^y 

14, lo^3t^-AtcS8t"S3fe^ffi#W*^lffl»=fc- 

o«*iffl--C*t) (P = N) , ^oSt^3EIM» 
j&SuyXUy K7U-1 7 8 a©5^4*e>nfc^ 

aiBI*«H*2 0 0lc*i^rflR»Sh5«« 

*/H**a»MSl 6 0f4*lOU'^XUy F7U-17 
7 4 -/u KXtt^T 7 ^ -yu K0{fcBfcH+« v * 

^^y^yuj»*aca»i 6 oi4, si^uyxi/^r 

1 7 8 a tl2(Ol/yXl/y hT^— 1 78b<?5 
W, hL<itm2(DUyXUy hTl^-1 7 8 b^K« 
0 lcEfi**tSCti«iriBi?*>5 d r(0«dctt, (A*> 



-11- 



21 

Cl) fiffl^iiJi^n t-uv^Si 

^ (2»-3»XttCtt«±) fc, S&fcAffKLMfW" 

[0 0 5 3] ^ftlCftfroT. «««jicwjap^r«g/«c^^ 

od^ojfewat — t'V^fttrai:^— y--c*s (A 
ft^y^^maaeiHii 6 on xn«»^^fflft 

(P) (N) (P>N) 

^■cu-ifx^^^u-f i o oo^guicffi^^n^w 

Oil, /hS4ffitt^iR*-CjftBS:SfbS-&5fc«)^fltffl 
P = 8xn) , «*ttJcM*»Tl!B4^-:y^/u»**H 

r ie a * ti ^ r t » x *> 6 a* % (3en««^ # 

3tt0*r, »SLXfc3:»aS*5»a^/hS<4v«9) 7 
r - 7 4 KXtts77 -A* Kott«fcHi- * v ^ 

*h Jfc«tt*#ft*«oW» 
Lfc«*^t»**ft, «WWft=t-^^ttwft6^ 

lcH:l8Lr#»o*ll»«»*«Er«»-C (P> 
N) , «*Wlc»JI8inrffi4^-:3/^^*a!W«i 6 0 

8 a©sr7-f— /WKJCEHSftS*****, w^78 

s«w^»jffli?rsi4^^^^^»^is«i 6 o 

fl UVXUy 7 8 a«5BJttXttiI*«CEIl 

5 0 ) ©s77-f-^Krt (<10XDOF) \Z#$EL 

ra«sft«ffitswaffi^=fc--^v^«j:!9 (A0> 

Cl) d»49**^»*tt (2fS-3f*X(t^ftW 

[0 0 5 4] 8fit5t, l^— W-f*?* W'^f^ 
10 011 *^y^AWffi«/&fflB8fl: (de-correlati 
on) W»I^WMt6:iia^ SPico 



(12) M2 0 0 3 -2 79889 

yu*^*4^1ift*tl*-rs«fc pt-Kf+Sft-CV^,, x 

4=3t-uy^(7)/h$^jfiWc^«-t-5a 'lot, *&- 

fc-u^wBBft^Xftl-So wftici:t), ABrftfctt 
X liSIMMHc fcfc5i*IBW43k-^v^^^ 1* ft 

0£, x-f 7a— iflcy=Ttf\ IeHE<D, yLXtyvfJ* 
(>4 0Hz) 0 WC, ^y^/WfcBtttt* Btt<0 
30 S6UHS»Sft5. 

[0055] *<&*j*fttnttfwctt# lx, 

»^B4*^y*/i4fc**B*l 6 0H %M<Oy?y 
S2 0 OittfflUK!f$iifcfiK^fAWi^ a 

*wtw*j»*5riB4^-iy^^i»*3Ci»»i 6 oicio-c 

4i/*T2± 1 0 0ttf-f7a-f 1 5 0 4L-C«J*Sft 

[0 0 5 6] H 1 fta«H 2 a <D$&T I — 
^looRtti/yXtfeS^lru-^^yf i 9 

^5wifc£fc3tfSft5&lM s fc5. Jl7U-3y 

wft*y =rffiiuj5tsc«*2 o o^S!M(Dfcfti: 
50 z<n¥-j>mma±, l»«)Rtti/yX» 



-12- 



23 

£ 0 f&te*sx?J» i o ortoy-rsfflftscws 

*ua*a>*#y h»rt«r* 6tftMP+ Sfcfclc, Rtt^v 
3Cft (cftjffli pTffi 4 * ^ y ^ /H»*SEW« £ ii 5 * <0 tt Z 

£\ ^iru-^rvt 1 9 5Xli*0>«B*tt, * 
«ftlc»J»prtl4^^y^/u|»*3EIB8l 6 0^<bSc£B 

-A«Kfl:**iS«Srtt«^rtB-e*5 4 5 r 4 t>3l#P 
^ti5M^fc5 0 *Hc % (J*—y^ (Moulin) co# 

if) ici*3i/>-c$p>icffia£$tiTv>s, w 
(D^mcm^xitm^m-ch^o . #-4JS*+*i«*-r5 

4 4t>lC> 1 5 0Atf*«ttfclW»^ffi4 

[0 0 5 7] 08{C, Ifgr&x^XW 1 0 0<D 

£ *5 J: 5 I^EIiKltllft tt^ 
5, f-J»;*Xy ^7i/-2 4 012, ^ = t:- 

5tT-AUy h 2 4 5BB^3fe^Ellt<7)*S<0« (Ad) 
Sr#-t5-aotr-ixUy h 2 4 5 -5, (R) 

aictt, 3t^ffi»6^ll (Ad) l±, u-ifi lO^nt 

>^7t/-2 40<a£&6Q5 ftSJ(D*7 
- (2 4 1a) ^6*8^)5 7- (2 4 1 e) ^tM& 

£ttLTv>5 0 tf-wyy^ri/-2 4 0tt, aft 
OS 7— <OT^— 4 LTjR£*lTV*5# % ^yx^ru 

ft-A2 5 0^M«, tf-Att*#4tr»*W 

-u>^«Cl(c:*^5»453K*E«^** ( A 
di, Ad2, Ada, ft if-) tilfT+aO-e, ftO 
B#«!W4 = fc- 1^*12, tft'-A2 5 0<D£ 



(13) 2003-279889 

7h 2 4 5«cT45^-XdS2VMc=fc-ixy h44 
5 £ 5 «cB*(BJtt4 = k - u 0>aBfls# toi 8^»£ 
"CfeoTt, t — If 1 1 0^=it-WMg^co^S8^ 

^mxh% 0 

10 [0 0 5 8] jHiW4^f^-A115li, ^F«&-4 
-f^— Jttttr*5, ) , f-^I/7h 2 4 5^nf 

hfc^»-449, iftr-A2 sot 

3F»— 4 45. Slo^^AoS^lctt, ■Ht£dt0> 
#S*fl=fc£;b-fr 5 <fc 5 «c*8!i43fe«^7 ^7^^x 
ft:ii*>x^£^;£^5fc£>ic, f^7^-f 150 

##AS;h/C^5. T-f 7a-f 1 5 0f2£*l, 

-1ffcf-A2 5 0^$f)l:i^-|:y^3t-u 

^y^/uoa«tt4:fiTS*5^*Jc, ^y^X-T-f 
• ^ yf^u-^ 1 7 5asflUB£ft5. Lj&»L4#&* 
ClO^te, JSlOI/yXl/y hr U— 1 7 8 ad«#tT 
-Al/y h 2 4 5CMfiOUyXl/'7 h Srffll* S*5 «k 
plCl9:tf^tl-CV>5 7t*> *lf-Al/yh2 4 5ll3t/< 
yu^(c*3V^Ti&-4ffl»Jwa»$n5 a »o-C, #u> 
Xl/y hT 1 7 8 aMl 7 8 b 4>ft< 4fc 

^tfMXRflouyXi/yF^#fif5 0 *^y-^2 
1 5*Cj3Jt5S!l*i, R<B<DU— tf^-A(Z)#^^, 

-rx - r-r • i/^xi/y htn^r, x^^y-^icj: 

^r^S:1'5-4-efe>5o MXRi^^y^;W-y 
tt. ««ttlciBW^4^y^/i4fc*«IW»l 6 0S: 
ffifflL4v^, Xttf^a-^ fl 5 0^»f^L4^ 

nmt*5 9 v^<o^$i54fi*-c4v>rxy^— >a 
s^ftrxy^-i/3 >fcBBi-5»^, 08oi/- 

40 fr^XW^f^l 0 0tt««W*cM<B^TIB4^ 

^y^^»*acni«i 6 o^ii^DLr^«bicK:#^ix 

5o «^U-1ftf-^2 5 0rt©*IHtt4at-^^ 
HgEJ-fiSftS* (significantly variable) XhZti 
affiS*i5ffift«)«fc#=fc-^>^*J:0/h4^ 
(A*<Cl) 4<KS1-lxtf, ««Wlc#J»^rt64^'< 
s/^/u»*«IH»l 6 OSrttfflUrtf-AU's/ h2 4 5 
rtwffitt«)«B*aCftS*5w4*"C#5 g 5fe^»»^ 
»^J:5^ ««W*c#J»^r«B4^^y^/^**atW 
S16 0I1, 7 0 0*81 

50 «sps<73 7r-7-f-yuK (M£KK (DO F) o*»4 
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25 

9*Mii) ic#£-*-s £?ic, u—fx^^^u-r i o o 
Of4, ^ftiIte¥®^7r-7^-/^K^Tatffl^, £ 

2(DI/yXl/7f7I/-17 8bC2ait, !22bO 

• pTHB«^^y^/Hft*««»l 6 O^nt-u^f 
SWSSrft/flLTMflw^Xi^ h<B#*fc:fctt<5« 

[0 0 5 9] ;n4ttt, H^-^Srfia^S/t* 
fc«5*38«*s, l»5c<0*SIW«r«[ffli-«iiK:H 
m<nb<D&#&+Z1>K »*c«*3t^^ (LCD) 2i 

Hit, l»5c(oaM3fe3EBI8^6 2»:7c<o^>r^a 

Wlc»jaiBrffi*^-<3/^/P»*3EBIsi 6 o ktom*# 
2 »7cT»f^1-5 i 5 {c£»*ti8iMS;&s*>* 1 1-* 

•7^-uyXl/yh(07l/-17 8 (a, b) SrffiM 
EIK, 7*4 7a- f 1 5 0f4, HlOJ=7^fAt 

tt»»4l8c5c«)ika-CWttt<, *»3tufc2fc76 (X 
14, 7^X7/1/ • ^X^W • =— tfU— >a 

— tffu— *> 3 y (Coming-Rochester Photonics Cor 
p.) ^67 ^^AfbS HtW ^ c 1/>X7 1/- i LT 

[0 0 6 0] 03, 114, 06 a»tfl2 6 b IAMBIC** 

XMS 1 6 0 <D&* t&UUtit* 1 &7cXf4 V ~T(Dt 



(H) 4#M2 0 0 3 - 2 7 9 8 8 9 

5c«/#;£ Lrttffl-f 9 

KMlo T * * 1" 5 i/ —if x -f * X u 4 T A rt 
fcE«3tLS£i#«nfi*, te<o*^X<*>tt«Wfcffl» 

fct>»**tL*iMMSa*. 

[0 0 6 1 ] H*BH9tt, LCDOJ:5*««a^ae 
io — jf tr-Ai i 5£jft|*u i^— iftr-Ai i £ 

B3fe*BI* Mr^/W 2 5 5) 

ic, tr-Aifc***3g|ii 2 0t7 f ^> a -if i soi 

1 7 0 £fc±oT™>li»E£ti,a. 
ft^f, itteE^i X-f 7a— If 1 5 0 t, 7y4 

x. r-r v-xxi — * 1 7 5 ««w*-»]»^r«B 
4^^^^/^**1111*1 6 o ttti-^r, £|BJ3te2EII 
*&tf*^ y — >2 1 5lC*J»tS 2ft5cklt>fc8^'<y 

VX 2 0 5 «t«+ 5 d^lCcto r^^^sii* (Ml 
7^7W 2 5 5) y— >2 1 5fcit»fc:ttfc 

HW3fett, Xu#77^lf 2 6 Oftt^ffl*^-^ 
^Xy 2/^ 2 6 54iiiai-5o Mr^7W2 55 

^X2 o 5tcior^^ y->2 i 5— irt «■ fetus, 

^PS^tL^:, W<fc*r4rit+«*^-A2 7 511 
-A^Xy 2 6 5jft*6EltStt8, <B3fe^0(K$tL 
50 fcJftteioTWrtSttS. ^*-ett, (dark sta 

te) *H*r5^:iC>«c«3t;T^7>r-!f2 7 0^StlSStL 

i-^oT, i9oi/- ifT^^xv-r i o o-citxu^ 

?9^f l 2 6 0*tt«-J-«ieW«)4^»***>5. 

»*tt, u-iftr-Ai i si*, u-if 1 1 ociot 

0:1), f^a-f 1 5 0 t>««ttJCfWW^rtB4^ 
^y^^»*3e«l»l 6 0 fe, **<7>CC0ffl3t = ^h7 

tO 5o 

[0 0 6 2] BlOfi, x^rif ^ • >f 

> V y^feSJffl pTIB4 D L P 7- jx Xco J: 5 4^ ^ * / 
^-^;7-7U-2 8 0^ffi^"f 5U-fft»r>f 
^Xu^^r;|^©(2I^^u-CV^5c 3fe^fft^t*i:, 
«y«P*ttfeflKt^S**|ctt#r5, ffiASIHI%SIH»«r 
i^t^rAi 14**9, ^^^n>X7=X7/u^ 7- 
T u-2 8 01^(0^1/7 h^AA^M*«:ir»tt 
^S^-efiJ^-f 5„ $v/^fAOT 1 fc^nfcv^-r 
At*JtW(cPli:t?*)5^, BRWsftS, -r-f^n> ^7=1X7 
0 /^5 7-*ru-2 8 0*rJBATBIlB«2 9 O^fc** 
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vX2 0 5(OHP»2 9 0£iI$£i*:5J: 5 left ft 5 

1 6 0 W^otlD^ 
0«W71/- 1D^)77^X.7^-W^ 

[0 0 6 3] B*ft:<0fc«>fc, *JBWtt, l-Oi/- If 

^ J: 5 -«»4«^7/u* 7-©RG BjlKf^ ^ 
Xi^ncttLTIfiltt <b*x£ 0 ^rAit JSUfflOft^fiS 

^y— vlcttttSix-C#ft (polychormatic) iUteSrtl 

UT 3o 

[0 0 6 4] 

Eft $ ttfc««ft»c«!HP^r*4 **< y * A»*M»»IC 
y - J: 5 L4v* t v * 5 r fc £S* 

1-5. ^tiic^Dxr, i<z)^^y^/ui»*^att, fie* 
^^y-y±osr«B%»tcJB»***.5wfc* 



(15) WBR 2003-279889 

[02a] *%Wtm, ««tt*c«flp^niB«««* 

5 tfx-f ^7*W ©BfH0B-C*5. 
[02 b] 0 2 a(C^£ftfcU-lfT-<*:/W*£ 

[0 3] **W£«B3*i3. <«ft(cM«HTIB«* 

©s 1 a ^«x»aB-e*a. 

[04] *»HK:tt/H * ft* *WB/tt*ail38UCB*o 
$gl<Ds<— S?3^0(fBH"C*S. 
[0 5 a ] ftBtt^^y^/i'Srfi^i-a^^rA 

[05 b] «^MIi^^/^tt5^ 
^^AOfflAOffitt^oyr^A'trSi-B-efca. 
[05 c] h-^^M^-T^s «*Wfc»JflP^r 

iH-0-e£>3o 

[0 5 d ] «*iftjatn»Bicov^-c*flsi-sfi*«B 

XB«co^«B-efcSp 

[06 b] *%m<Dis-1f&&7 £ 4 \c#\,^X 

[07a] *«M»c«53CW*^«i*Sr, AM-T5^ 
^1-0-efe^o 

[07b] ;ran£«*&lt»0»**, AWT*? 
[07c] ttBn£tt££Ml0ftJt*. Alt^** 

0-e^^o 

[0 7 d ] *«91(cffi3XB«a%«*. A»-f £H 

0-?£>5 e 

[0 8 ] =2 1- u-^^ft©^- ^-waft^ajssrifl 

50 «*(75j8ilS»lBa56SfBBTfc-B, 
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[HI 9] Mr^/^^^^MtS, 
[Hi 01 W^o7t'-*^^Mfflt5, #32 

1 0 0 * u— ifrn'^XW v^xA, 

1 1 if, 

1 1 if*— A, 

1 2 0-tf-Att***!t«, 

i 3 o-»»tr-A, 

1 4 5-3MTftSHfctf-A, 
1 5 O-f^a-f, 

1 6 

1 7 5 -77^X.7^ -f^^, 
17 8 a-SHOI/>Xl/y hTl"— , 
17 8 b-S2(DU>XU^ hTU— , 
1 8 0-e-A®g3fcfgi> 
1 8 S-^vrytuvX, 
1 9 O-Sfl/yX, 

1 9 5-Si71/-3yfyf > 

2 0 0-y=T3SB3t««», 
2 0 

2 1 0-^WV>-^7- 
2 1 5 • y— >\ 
2 2 



50 



2 2 5- 

2 4 0 A* 7*1/ ^71/- 

2 4 1 a7?>£2 4 1e-; , 
2 4 K 
2 5 0-«£U— f fcf-A, 
2 5 

2 6 0-7V3tf?7*f f\ 

2 6 5-«*K r -i.^Xy y* y 

2 7 o-mkri-y^-f^ 

JO 2 7 5-aai**tfcW«*4J«-*-S*^A, 
2 8 0-7^n^-ij/i/;7-7I/- 
2 8 

2 9 0-BJP«S % 

3 2 0-5fe, 

3 2 5 -am, 

3 3 o-a***tfc*a, 

3 4 Q-A*77*3/ K 
3 4 5-a*77ty K 
35 0, 355, 3 6 0- 
20 3 7 0 -/</u^«-»Xtt«tR, 
3 8 0-j§jg$i«, 

3 8 5-±««a, 

390, 392, 395, 
25, 43 0, 4 3 5- 

4 OO-TMS, 

4 0 5-/< 5 '77l, 
4 1 OHMUL 



39 7, 399, 42 0, 4 
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